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Abstract Tree age affects wood formation and yield.
However, the underlying mechanisms are poorly understood,
particularly at the molecular level. In this study, we investigat-
ed the transcriptomic changes of the uppermost main stems of
Larix kaempferi in an entire rotation period using the
RNA-Seq method. In total, ∼151 million reads were obtained
from the stems of 1-, 2-, 5-, 10-, 25-, and 50-year-old
L. kaempferi trees. Combining these with the published
Illumina sequencing reads, 299,637 assembled transcripts
were generated, of which 161,232 were annotated. Time series
expression profiling identified 12,927 transcripts as differen-
tially expressed genes (DEGs); function enrichment analysis
of these DEGs showed that 459 gene ontology terms in the
biological process category were enriched. These terms were
associated with the processes of wood formation, such as cell
differentiation, growth and death, and its hormonal regulation.
Based on the expression patterns of L. kaempferi homologues
of genes associated with ethylene, calcium, and cell wall ex-
pansion and synthesis, the regulatory network of tracheid
growth was outlined. Altogether, the comparative
transcriptomic analysis reported here demonstrated the molec-
ular aspects of aging effects on L. kaempferi wood formation.
The identification of genes involved in the regulatory network
of tracheid growth provides a means of investigating the reg-
ulation of wood formation in gymnosperm trees and also of-
fers potential targets for genetic manipulation to improve the
properties of xylem fibers.
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Introduction
The seasonal activity of meristem cells in the shoot apex and
stem results in the growth in height and girth of a tree. The
growth rate changes with age (Lai et al. 2014), indicating that
the activity of meristem cells is affected by aging. The growth
and development of a tree involve all the activities of a cell,
such as division, expansion, cell wall formation, metabolic
processes, responses to stimuli, and death, some of which
are known to be regulated by aging. For example, cambium
cell division in spring restarts earlier in younger than in older
trees (Begum et al. 2010; Li et al. 2013b, 2016; Mellerowicz
et al. 1995; Rossi et al. 2008), and the sensitivity of cambium
cells to auxin declines as a tree ages (Little and Sundberg
1991; Savidge 1983). Notably, cell length and diameter
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change radially from the pith to the bark and axially from the
base to the crown along the main stem inPicea glauca (Mvolo
et al. 2015; Yemele et al. 2015) and other plant species
(Anfodillo et al. 2006; Olson et al. 2014), suggesting that the
process of cell growth changes with tree age or height. Indeed,
an increase in the duration of the cell expansion phase has
been detected from the crown to the base along the main stem
in Picea abies (Anfodillo et al. 2012). However, information
about the molecular basis of aging or size effects on meristem
cell activity and cell growth is limited.
A linear growth mode has been proposed based on the
central roles of ethylene in cotton fiber growth, where calcium
activates ethylene biosynthesis and ethylene positively regu-
lates cotton fiber growth (Qin and Zhu 2011). More informa-
tion about the molecular mechanisms by which ethylene con-
trols wood formation has been reported (Andersson-Gunneras
et al. 2003; Love et al. 2009; Vahala et al. 2013). These data
indicate that the linear cell growth mode may be common to
cotton fibers and xylem cells and facilitate the study of the
regulatory network of xylem cell growth. In view of the im-
portance of meristem cell activity and cell growth for wood
yield and quality, investigating how age affects the processes
of wood formation in trees is of great theoretical and practical
importance.
The molecular aspects of the effects of age on wood for-
mation in trees have been studied, and different classes of
genes controlling wood formation have been revealed (Li
et al. 2010, 2011; Xu et al. 2016; Zhang et al. 2016).
Especially, using cryosectioning and RNA-Seq methods, Xu
et al. (2016) compared the transcriptome of vascular cambium
tissue in Cunninghamia lanceolata at juvenile, transitional,
and mature stages to study the effects of age on cambium
activity. Within-tree transcriptome and proteome profiling in
wood-forming tissues based on changes of cell size and other
wood properties have also been studied (Cato et al. 2006;
Garces et al. 2014; Kumar et al. 2009; Lorenz and Dean
2002; Paiva et al. 2008; Ranik et al. 2006). However, the
regulatory network of age effects on the processes of wood
formation remains poorly understood, and systematic investi-
gation at the genome level is still needed.
In a tree’s lifetime, it receives diverse external and endog-
enous stimuli, and its responses to these stimuli are affected by
age. For example, cambium cell division in locally heated
portions of the Cryptomeria japonica stem restarts earlier in
younger than in older trees (Begum et al. 2010), indicating
that age affects the responses of the lateral meristem to tem-
perature signals. Also, age-dependent responses to environ-
mental temperature have been found in Cedrus atlantica,
where the negative effects of warming on growth are stronger
in older than in younger trees (Linares et al. 2013). In Larix
gmelinii, the age-dependent responses of radial growth to cli-
mate have also been revealed (Wang et al. 2009). These results
are important, considering the effects of increasing
temperature on the production of forest plantation in the con-
text of global change. However, the molecular and regulatory
mechanisms underlying these ecological and physiological
events remain obscure. As for endogenous stimuli, hormones
play important roles in tree growth and development, and
some appear to be especially involved in aging because
changes in their concentrations are associated with develop-
mental stages (Wendling et al. 2014). While there is ample
knowledge available about the hormonal regulation of wood
formation (Sorce et al. 2013; Ye and Zhong 2015; Zhang et al.
2014), information about how this is affected by aging is still
limited.
In studies of the molecular mechanisms of tree aging, many
age-related genes have been identified (Busov et al. 2004;
Carlsbecker et al. 2004; Diego et al. 2004; Fernández-Ocaña
et al. 2010; García-López et al. 2014; Hutchison et al. 1990; Li
et al. 2010, 2011; Xu et al. 2016; Zhang et al. 2016), such as
miR156 (Wang et al. 2011b) and Flowering Locus T
(Böhlenius et al. 2006; Hsu et al. 2006, 2011), and some have
been used to change the agronomic traits of plants
(Flachowsky et al. 2012; Kotoda et al. 2006; Li et al. 2013a;
Yamagishi et al. 2014). Larix kaempferi is a forest tree of
important ecological and economic value, widely grown in
the Northern Hemisphere, but its genome has not been se-
quenced. The availability of transcriptome data for
L. kaempferi would enable the global analysis of tran-
scriptome reprogramming during aging and wood formation
(Li et al. 2014b; Zhang et al. 2012). Here, comparative
transcriptomic analysis of the uppermost main stems of 1-,
2-, 5-, 10-, 25-, and 50-year-old L. kaempferi trees was per-
formed to (1) depict the molecular aspects of aging effects on
wood formation and (2) propose the regulatory network of
tracheid growth based on the expression patterns of genes
involved in the linear cell growth mode (Qin and Zhu 2011).
Materials and methods
Sample preparation and transcriptome sequencing
The uppermost main stems produced in the current year were
collected from 1-, 2-, 5-, 10-, 25-, and 50-year-old
L. kaempferi trees in July 2011. The trees were located in
Dagujia seed orchard (42°22′ N, 124°51′ E), Liaoning
Province, in northeast China, and from young (1-, 2-, 5-, and
10-year-old), middle-aged (25-year-old), and mature
(50-year-old) stands. After removal of branches and needles,
the stems from at least three trees from each age category were
pooled, frozen in liquid nitrogen, and stored at −80°C until
RNA extraction. At the same time, small blocks of vascular
tissue were excised from the bottom of each stem and fixed in
formalin–alcohol–acetic acid for anatomical observation. The
same RNA samples and methods were used for transcriptome
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library construction and sequencing for each age category as
in our previous study (Li et al. 2014b).
Anatomical observation and statistical analysis
of secondary vascular tissue
Anatomical examination and statistical analysis were conducted
to assess cambium activity and wood formation. The small
blocks fixed in formalin–alcohol–acetic acid were dehydrated
in an alcohol series and embedded in Spurr’s resin (SPI, USA).
Cross-sections 5μm thick were cut on amicrotome (Leitz 1512,
Wetzlar, Germany), stained with Toluidine Blue O, and ob-
served under an Axioskop 2 Plus microscope (Zeiss,
Gottingen, Germany) equipped with a computer-assisted digital
camera. One section from each stem was used for analysis.
Fifteen radial files per section were measured. Radial cell layers
in the cambium region, and differentiating xylem and phloem,
were counted to evaluate cambium activity andwood formation.
In addition, the basal diameter and the width of mature xylem
were measured. Data are shown as the mean ± SD. Statistical
analysis was performed with SPSS 16.0 using ANOVA.
Transcriptome assembly and annotation
The raw Illumina RNA sequencing reads were preprocessed
by discarding reads with adaptors, >5% unknown nucleotides,
low-quality (quality score <20), or <20 bp. Combining them
with the Illumina RNA sequencing reads obtained in our pre-
vious study (Li et al. 2014b), we performed de novo assembly
using Trinity software (Grabherr et al. 2011) using the default
parameters.
To identify the L. kaempferi protein-coding genes, blastx (the
basic local alignment tool for searching protein databases using
a translated nucleotide query; Altschul et al. 1990) was used to
search our assembled sequences against four sets of protein
sequences from Arabidopsis thaliana (http://plants.ensembl.
org/Arabidopsis_thaliana/Info/Index), P. abies (http://congenie.
org/), Populus trichocarpa (http://www.phytozome.net/poplar.
php), and Vitis vinifera (http://plants.ensembl.org/Vitis_
vinifera/Info/Index/) with an e value of 1e−5. Then, we
assigned the Gene Ontology (GO) terms associated with the
top hits in the four protein databases to the annotated transcripts.
Identification of DEGs and GO enrichment analysis
Six sets of sequencing reads were mapped to the assembled
reference transcripts using Bowtie (Langmead and Salzberg
2012). RNA-Seq by Expectation Maximization (Li and
Dewey 2011), an accurate method of transcript quantification
from RNA-Seq data, was used to estimate the transcript abun-
dance. The expression of genes was normalized with edgeR
(empirical analysis of digital gene expression data in R;
Nikolayeva and Robinson 2014). Fragments per kilobase of
transcript per million fragments was used to measure the nor-
malized expression value.
Five pairwise comparisons were performed in chronologi-
cal order to identify the differentially expressed genes
(DEGs): (I) 2 vs. 1 year old; (II) 5 vs. 2 years old; (III) 10
vs. 5 years old; (IV) 25 vs. 10 years old; and (V) 50 vs.
25 years old. After pairwise comparison, the DEGs were ob-
tained with stringent cutoffs: a false discovery rate
(FDR)-corrected P value cutoff of 0.001 and a minimum ex-
pression fold change of 4. The FDR correction is designed to
control the expected proportion of incorrectly rejected null
hypotheses and is used in multiple-hypothesis testing to re-
duce type 1 errors.
Genes expressed in at least four of the age categories and
with an average normalized expression value >0.5 were se-
lected for correlation analysis. The Pearson correlation coef-
ficient (PCC) between the expression patterns of the DEGs
and one homologue of ethylene-responsive transcription fac-
tor 1A (LaERF1A) was analyzed, and a PCC value ≥0.8 was
considered to indicate correlation and have the same expres-
sion pattern as LaERF1A.
In each comparison, to identify the biological processes in
which the DEGs participated, GO enrichment analysis was
performed separately for the upregulated and downregulated
DEGs. Using all the genes as the background, we identified
significantly enriched biological processes in one specific
g roup of DEGs wi th GOatoo l s (h t tps : / /g i thub .
com/tanghaibao/goatools). GOatools uses Fisher’s exact test
to identify significant GO terms in one dataset compared with
the background. Then, the P value was corrected for multiple
testing with the Bonferroni procedure (Hochberg 1988). The
biological processes with corrected P values ≤0.05 were con-
sidered to be enriched in the group.
Quantitative RT-PCR
To confirm the expression patterns of DEGs, we used the same
materials as those in RNA-Seq to perform quantitative reverse
transcription polymerase chain reaction (qRT-PCR) as previ-
ously described (Li et al. 2014c). We randomly selected eight
DEGs for qRT-PCR analysis. The PCC between the expression
patterns from RNA-Seq and qRT-PCR was calculated, and a
value ≥0.8 was considered to indicate correlation. The primers
for qRT-PCR are listed in Supplementary Table S4.
Results
Wood formation in L. kaempferi at six age categories
To determine the effects of age on cambium activity and wood
production, we compared wood formation in the uppermost
main stems of L. kaempferi at six age categories. Anatomical
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examination and statistical analysis showed that xylem width
and radial cell layers in the cambium region and differentiat-
ing xylem and phloem increased before 10 years of age, and
then decreased (P < 0.05; Fig. S1); the same pattern was
shown in the basal diameter of the sampled stems (P < 0.05;
Fig. 1b). In addition, more expanding cells were observed in
sections from 5- and 10-year-old trees, in which cell walls
were thickening (Fig. 1a).
Transcriptome assembly and annotation
A total of 151,413,654 reads were produced from the six age
categories (Table 1), with a 101-bp read length. Together with
the published Illumina RNA sequencing reads from a pooled
sample of L. kaempferi (Li et al. 2014b), all reads were assem-
bled into 299,637 transcripts (Table 2). Then, the six sets of
reads were aligned to the assembled reference transcripts, and
the mapping ratios ranged from 80.6 to 86.7%with an average
of 85.1% (Table 1). All RNA-Seq data in this study have been
deposited in the NCBI SRA database (Table 1).
The 299,637 assembled transcripts were first annotated
with blastx against the proteins of four species: A. thaliana,
P. abies, P. trichocarpa, and V. vinifera (e value < 1e−5).
Altogether, 161,232 (53.8%) of the 299,637 transcripts had
significant matches, at least one hit in these four species, and
the number of the matched transcripts to P. abies was more
than that to V. vinifera, P. trichocarpa, and A. thaliana
(Table 2). Then, GO annotation was performed for the
161,232 annotated transcripts in terms of Bbiological process,^
Bmolecular function,^ and Bcellular component^ (Table 2).
GO enrichment analysis of DEGs
To identify DEGs, five pairwise comparisons were performed:
(I) 2 vs. 1 year old; (II) 5 vs. 2 years old; (III) 10 vs. 5 years
old; (IV) 25 vs. 10 years old; and (V) 50 vs. 25 years old. In
total, 12,927 transcripts were differentially expressed, among
which 11,926 were annotated and used for further analysis.
The largest number of DEGs (5692) was found in group V,
while the fewest (2917) were identified in group IV (Fig. 2a).
To reveal the biological processes involved in wood forma-
tion during tree aging, we performed GO enrichment analysis
of the DEGs. In total, 459 GO terms in the Bbiological process^
category were enriched in the five groups of DEGs. The
greatest number of GO terms (347) was enriched in group V,
while the fewest (94) were enriched in group IV (Fig. 2b). In
groups II, III, and V, the most enriched GO terms were from
downregulated genes, with 73 (64.04%), 106 (100%), and 344
Fig. 1 Overview of
transcriptome analysis of Larix
kaempferi aging. a
Photomicrographs of cambium
regions in cross-section in the
active stage of 1-, 2-, 5-, 10-, 25-,
and 50-year-old trees. b, c
Statistical analysis of basal
diameter of the uppermost main
stems produced in the current year
and cell layers in cambium
regions and differentiating xylem
and phloem during aging. d
Analytical flowchart of RNA-Seq
analysis. Cell layers = cambium
cell layers + recently formed
xylem cell layers + recently
formed phloem cell layers. The P
value was calculated between
samples in chronological order.
Double-headed arrows indicate
cell layers to be counted. Ca
cambium region, Ph phloem, Xy
xylem. Scale bar, 50 μm
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(99.14%) terms, respectively. However, in groups I and IV, the
enriched GO terms of the upregulated genes accounted for
136 (99.27%) and 85 (90.43%) terms, respectively (Fig. 2b).
Notably, in group V, the downregulated genes accounted for
30.2% of DEGs (3910/12,927), from which the enriched GO
terms accounted for 74.9% (344/459).
Based on the annotations of 459 enriched GO terms, many
terms related to the different processes of wood formation
were found, such as Bcell growth,^ Bcell death,^ Bcell
morphogenesis,^ Bcell differentiation,^ and Bplant-type cell
wall organization or biogenesis^ (Fig. 3 and Table S2). As
to hormonal control of wood formation, GO terms related to
transport, response, biosynthetic process, metabolic process,
regulation or signaling pathway of auxin, abscisic acid, ethylene,
salicylic acid, jasmonic acid, gibberellin, brassinosteroid,
and karrikin were found (Fig. 4 and Table S2).
Expression patterns of genes related to cell growth
To study the regulatory network of tracheid growth, we ana-
lyzed the expression patterns of L. kaempferi homologues of
genes associated with ethylene, calcium, and cell wall
expansion and synthesis. Among 12,927 DEGs, 138 transcripts
were annotated as ethylene-responsive transcription factors
(ERFs) and 27 as dehydration-responsive element-binding pro-
teins (DREBs; Table S3). Here, we present the expression pat-
tern of one ERF homologue in L. kaempferi (LaERF1A); it had
higher transcript levels than the other 164 APETALA2/ERF
(AP2/ERF) superfamily members. LaERF1A transcripts were
expressed strongly at 25 years, weakly at 50 years, and they
increased from 2 to 10 years (Fig. 5a). In total, 145 members of
the AP2/ERF superfamily were selected for expression pattern
analysis, and 135 had the same expression patterns as
LaERF1A. In addition, we detected the expression of
1-aminocyclopropane-1-carboxylic acid (ACC) synthase
(ACS) homologue in L. kaempferi (LaACS) and found that
LaACS had the same expression pattern as LaERF1A (Fig. 5a).
In total, 100 transcripts were calcium-related (Table S3), of
which 78 were used for expression pattern analysis. We found
that 35 had the same expression pattern as LaERF1A, and they
were all L. kaempferi homologues of calcium-binding proteins
(LaCaM, LaCML, and LaKIC; Fig. 5b).
Among 12,927 DEGs, 18 transcripts were annotated as
expansins and four as extensins (Table S3), and the expression
Table 1 Summary of
transcriptome sequencing of
L. kaempferi at six age categories
Sample Raw reads Mapped reads Mapped ratio (%) Accession number
1 year 21,009,158 16,927,266 80.57 SRR2167459
2 years 32,230,722 27,700,866 85.95 SRR2167460
5 years 28,559,304 24,747,204 86.65 SRR2167462
10 years 17,292,864 14,976,304 86.60 SRR2167463
25 years 32,401,548 27,805,390 85.82 SRR2167481
50 years 19,920,058 16,923,280 84.96 SRR2167482
Total 151,413,654
Table 2 Statistics of L. kaempferi
transcriptome assembly and
annotation
Assembly Assembled transcripts 299,637
Maximum transcript length 23,042 bp
Minimum transcript length 200 bp
Average transcript length 898 bp
N50 length 1633 bp
Blast analysis Transcripts with blast hits 161,232 53.81%
Transcripts with blast hits on P. abies 158,532 98.33%
Transcripts with blast hits on V. vinifera 118,084 73.24%
Transcripts with blast hits on P. trichocarpa 115,760 71.80%
Transcripts with blast hits on A. thaliana 111,724 69.29%
GO analysis Transcripts assigned to GO terms 117,109 72.63%
Transcripts assigned to Bbiological process^ 112,536 96.10%
Transcripts assigned to Bmolecular function^ 112,232 95.84%
Transcripts assigned to Bcellular component^ 109,383 93.40%
GO terms 4945
GO terms in the Bbiological process^ category 2543 51.43%
GO terms in the Bmolecular function^ category 1928 38.99%
GO terms in the Bcellular component^ category 474 9.59%
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analysis showed that two expansins (LaEXLA1 and
LaEXPB17) and all four extensins (LaLRX3) had the same
expression pattern as LaERF1A (Fig. 5c).
We foundmany genes coding for key enzymes involved in the
synthesis of cellulose and hemicellulose. In total, 20 transcripts
were annotated as cellulose synthases and 47 as xyloglucan
endotransglucosylases /hydrolases , inc luding 15
brassinosteroid-regulated proteins (BRU1; Table S3); among
these, two cellulose synthase genes (LaCSLD3) and 14
xyloglucan endotransglucosylase/hydrolase genes (LaXTH5 and
LaBRU1) had the same expression patterns asLaERF1A (Fig. 5d).
In total, 26, 23, 10, and 4 transcripts were annotated as
MYB, WRKY, Trihelix, and GATA transcription factors from
DEGs, respectively (Table S3), and five MYB, nine WRKY,
two Trihelix, and three GATA transcription factor members
had the same expression patterns as LaERF1A (Fig. 5e).
Among 19 DEGs related to cell growth (Fig. 5), eight were
selected for qRT-PCR analysis (Fig. 6). The results showed a
close correlation in the expression patterns determined by
RNA-Seq and qRT-PCR (PCC ≥ 0.8), indicating the reliability
of the RNA-Seq data.
Discussion
Tree aging involves extensive and complex transcriptome
reprogramming
Based on five pairwise comparisons and GO enrichment anal-
ysis, a total of 12,927 DEGs and 459 biological processes were
identified. The greatest numbers of DEGs and GO terms were
identified in group V, i.e., in the comparison between
Fig. 2 Numbers of differentially
expressed genes (DEGs) during
Larix kaempferi aging (a) and
Gene Ontology (GO) terms after
enrichment analysis of DEGs (b)
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middle-aged (25-year-old) and mature (50-year-old) trees,
showing that this stage involves more biological processes in
which larger numbers of genes take part (Fig. 2 and Table S2).
Many aspects of tree growth and development were found
in 459 enriched biological processes. For example, the GO
term Bcell wall biogenesis^ was enriched in group II and was
assigned to genes with upregulated expression (Fig. 3). This
was consistent with the results of anatomical examination
(Fig. 1). Here, the enriched biological processes associated
with wood formation and its regulation were emphasized.
Age affects the cellular process of wood formation
Wood formation involves cambium cell division, cell expansion,
cell wall formation, and cell death (Plomion et al. 2001). These
were reflected by the assignment of the assembled transcripts to
the related GO terms, such as Bcell cycle,^ Bcell growth,^ Bcell
differentiation,^ Bcell death,^ and Bcell wall biogenesis^
(Table S1). Notably, aging effects on the cellular process of wood
formation were also supported by our GO enrichment analysis.
For example, the GO term Bcell differentiation^ was enriched in
Fig. 3 Distribution of Gene Ontology (GO) terms associated with wood
formation after enrichment analysis of DEGs during Larix kaempferi
aging. The enriched GO terms are highlighted in pink and blue for up-
and downregulation, respectively. Five pairwise comparisons: (I) 2- vs. 1-
year, (II) 5- vs. 2-year, (III) 10- vs. 5-year, (IV) 25- vs. 10-year, and (V) 50-
vs. 25-year-old trees
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Fig. 4 Distribution of Gene Ontology (GO) terms associated with
hormone regulation of wood formation after enrichment analysis
of DEGs during Larix kaempferi aging. The enriched GO terms
are highlighted in pink and blue for up- and downregulation,
respectively. Five pairwise comparisons: (I) 2- vs. 1-year, (II) 5-
vs. 2-year, (III) 10- vs. 5-year, (IV) 25- vs. 10-year, and (V) 50-
vs. 25-year-old trees
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group I, in which it was assigned to genes with upregulated
expression (Fig. 3). Based on anatomical examination and statis-
tical analysis, cambium cell differentiation indeed increased in
this group, indicating that these genes play roles in this process.
Programmed cell death is the last step in xylem develop-
ment, and much is known about its molecular processes
(Escamez and Tuominen 2014; Han et al. 2012). When wood
is forming actively and more xylem cells are developing, more
cells are dying at the same time. During wood formation, not
only cambium cell division but also xylem cell death are af-
fected by aging, and this was also supported by our GO en-
richment analysis. The GO term Bcell death^ was enriched in
genes with downregulated expression in group V (Fig. 3),
reflecting a positive correlation between xylem development
and cell death-related gene expression. Notably, the GO term
Bregulation of programmed cell death^ was enriched in genes
with upregulated expression in group II and downregulated
expression in group V (Fig. 3), indicating that programmed
cell death in wood formation is positively regulated by these
genes. Further analysis of these genes will help better under-
standing of programmed cell death in wood formation.
As we sampled in late summer, the formation of latewood
was occurring in L. kaempferi trees. Although the typical anat-
omy of dormancy was not present, cambium cell division
activity was becoming weaker (Fig. 1). This finding also sug-
gested that within the rotation period, the timing of the end of
cambium cell division is affected by aging. So in these six
categories, cell differentiation and growth were in progress
to form the latewood, while the numbers of expanding cells
were different. This result indicated that the duration of the
cell expansion phase is affected by aging or height (Anfodillo
et al. 2012). Aging effects on the timing of the onset or end of
cambium cell division have been found in trees (Li et al.
2013b, 2016; Rossi et al. 2008), but more cellular evidence,
especially successive cellular assessment of wood formation
in a whole growth period, is still needed to clarify the effects
of age on the timing or the duration of each cellular process of
wood formation in detail.
Age affects the hormonal regulation of wood formation
The environmental conditions under which plants live are
complex and changing. To adapt to various environmental
conditions, plants have developed many mechanisms to cope
with and coordinate their growth and development. Plants
respond differently to environmental temperature (Begum
et al. 2010; Li et al. 2013b; Rossi et al. 2008) and hormonal
signals (Little and Sundberg 1991; Savidge 1983) at different
stages of their life span. However, knowledge of the underly-
ing mechanisms is still limited.
Here, using GO enrichment analysis of DEGs, we identi-
fied many biological processes associated with responses to
endogenous hormonal signals and their biosynthesis,
transport, and metabolism (Fig. 4). These hormone-related
GO terms were intensely distributed in the late stage of the
rotation period, and most (75.8%) were enriched in genes with
downregulated expression in group V (Fig. 4). These results
indicated that changes in the responses to endogenous stimuli
occur at an early stage in the life span, and even in a time
window of 50 years, these changes are detectable through
comparative transcriptomic analysis.
Auxin is an important hormone that controls many aspects
of tree growth and development, such as cambium activity,
wood formation (Sorce et al. 2013; Ye and Zhong 2015;
Zhang et al. 2014), and the rooting of cuttings (Rosier, et al.
2004). Cambium activity and wood formation in 25- and
50-year-old trees were weaker than those in 10-year-old trees
(Fig. 1). Here, the GO terms Bauxin polar transport^ and
Bresponse to auxin^ were enriched in genes with downregulated
expression in groups IV and V, respectively (Fig. 4), providing
not only more evidence on the control of wood formation by
auxin but also insights into the control of wood formation with
age.
In addition to auxin, other hormones, such as ethylene and
brassinosteroid, also control wood formation (Sorce et al.
2013; Ye and Zhong 2015; Zhang et al. 2014), and we also
identified biological processes associated with them. For ex-
ample, the GO terms Bresponse to abscisic acid,^ Bresponse to
ethylene,^ Bresponse to salicylic acid,^ Bresponse to jasmonic
ac id ,^ Bresponse to kar r ik in ,^ and Bresponse to
brassinosteroid^were enriched in group V (Fig. 4). These data
not only provide new evidence on the involvement of hor-
mones in tree aging and wood formation but also offer a
means of investigating the hormonal regulation of the specific
process of wood formation.
Regulatory network of tracheid growth
Ethylene acts as a positive regulator of cambium cell division
and expansion (Sorce et al. 2013) and cotton fibers (Shi et al.
2006). Both ERF and DREB belong to the AP2/ERF super-
family. Themembers of this superfamily function downstream
of ethylene signaling pathways and play roles in wood devel-
opment in poplar (Vahala et al. 2013) and vascular cell divi-
sion in Arabidopsis (Etchells et al. 2012). Conversion of
S-adenosyl-L-met to ACC, which is one of the two key steps
in ethylene biosynthesis, is catalyzed by ACS. More impor-
tantly, calcium activates ethylene biosynthesis through the
phosphorylation of ACS by calcium-dependent protein kinase
(Wang et al. 2011a). In gymnosperms, tracheid growth and its
control remain poorly understood (Carvalho et al. 2013).
Here, we found that the expression profiles of the
L. kaempferi homologues of genes involved in the linear cell
growth mode outlined the regulatory network of tracheid
growth. The results show that some genes related to calcium
and wall formation had the same expression patterns as
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LaERFs, suggesting that they might belong to the same regu-
latory network controlling wood formation.
When a plant cell grows, the primary cell wall loosens and
active synthesis of new cell wall occurs. We assessed the ex-
pression of expansin, extensin, cellulose synthase, and
xyloglucan endotransglucosylase/hydrolase and found that they
had the same expression patterns as LaERFs, suggesting that
they might function downstream of ethylene and be targets of
LaERFs. One of the key enzymes involved in the synthesis of
hemicellulose was annotated as brassinosteroid-regulated pro-
tein (LaBRU1; Zurek and Clouse 1994) and had the same ex-
pression pattern as LaERF1A (Figs. 5 and 6), suggesting that
this gene might be controlled by both brassinosteroid and eth-
ylene. Therefore, coupled with ethylene, the promotion of cell
growth by brassinosteroid might be involved in the synthesis of
Fig. 5 a–e Expression patterns of genes in relation to the linear cell
growth mode determined by RNA-Seq. The expression pattern of a
DEG with the highest average expression value was shown
Fig. 6 a–cConfirmation of RNA-Seq results by qRT-PCR. Pearson
correlation coefficient (PCC) between the expression patterns
determined by RNA-Seq and qRT-PCR is shown
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hemicellulose. Our results thus provide more information about
the roles of brassinosteroid in controlling cell growth during
wood formation.
During cotton fiber growth, many transcription factors are
differentially expressed, including MYB and WRKY (Liu
et al. 2012). Especially, a decrease in the number of MYB
binding sites in the promoter region of GaACO3 (ACC oxi-
dase) results in the inactivation of ACO gene transcription and
a short-fiber phenotype in Gossypium arboreum ovules (Li
et al. 2014a), showing that MYB participates in the linear
growth mode by controlling ethylene production. Here, we
found that LaMYB44 had the same expression pattern as
LaERFs, supporting its involvement in this mode. In addition,
overexpression of PttACO1 stimulates cambial cell division in
poplar (Love et al. 2009). So these data provide more infor-
mation about the function of MYB in wood formation besides
controlling secondary wall biosynthesis (Demura and Fukuda
2007; Ye and Zhong 2015). As to WRKYand other transcrip-
tion factors, more experiments are needed to determine how
they are involved in cell growth.
Based on our anatomical examination and expression anal-
ysis of genes involved in the linear cell growth mode (Qin and
Zhu 2011), we propose a regulatory network model for tra-
cheid growth in L. kaempferi (Fig. 7), in which calcium and
MYB promote ethylene production, and ethylene stimulates
cell wall expansion and synthesis. Large-scale screening of
transcription factor–promoter interactions in conifers has been
established, and members of the AP2 transcription factor
family positively regulate the promoters of genes involved in
cell wall synthesis and remodeling (Duval et al. 2014), giving
support to this proposed model.
Altogether, in this work, we present an integrative analysis
of transcriptome reprogramming during tree aging throughout
an entire rotation period and emphasize the molecular aspects
of aging effects on wood formation. The findings contribute to
our understanding of the molecular basis of tree aging. The
identification of genes involved in the regulatory network of
tracheid growth provides a means of investigating the regula-
tion of wood formation in gymnosperm trees and offers po-
tential targets for genetic manipulation to improve the proper-
ties of xylem fibers.
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